In recent years, expansion of unconventional oil and gas production has prompted significant interest in potential impacts on drinking water resources. In many cases, water quality investigations rely on access to landowner water wells to develop baseline data prior to drilling; respond to spills, complaints, or incidents; or evaluate potential impacts due to drilling, completion, hydraulic fracturing, water management, or well operation. However, differences in water well construction, operation, maintenance, and wellhead protection practices can complicate sampling efforts and introduce artifacts that might confound interpretation of results and definition of baseline conditions. The frequency of sampling and the types of analyses also vary from site to site, ranging from basic field parameters such as conductivity, pH, and water level to comprehensive analyses of organics, inorganics, radionuclides, gases, stable isotopes, and microorganisms. Regulatory agencies may also specify required analytical parameters and monitoring frequency. This paper highlights some of the challenges associated with deriving baseline data from different types of wells and provides preliminary data on the use of chemical fingerprinting to differentiate sources of waterborne contaminants.
INTRODUCTION
The central Raton Basin in southeastern Colorado has been at the forefront of coalbed methane (CBM) development where over 2300 CBM wells have been drilled, completed, hydraulically fractured (HF), and operated since the early 1990s. Water plays an integral role in CBM production and is of particular importance in the central Raton Basin's arid environment where there are over 1500 water wells that provide freshwater for private residences, ranching, hunting, fisheries, agriculture, and some light industry. spills. In addition, surface water quality can fluctuate diurnally, seasonally, and intermittently due to precipitation, and temperature changes that affect biological activity, gas solubility, and the rate of evaporation.
The CBM and water wells in the central Raton Basin 
METHODS
Water quality data from monitoring wells, landowner wells, CBM wells, surface water outfalls, and surface water systems were evaluated to identify potential links between water quality and CBM development. A systematic meta-analysis was conducted to review regulatory analytical data from well files, regulatory investigations, and records of complaints, spills, and notices of alleged violations (NOAVs). An overview of the sources of data used in this analysis is provided in Table 1 and the monitoring parameters are summarized in Table 2 .
Data sources
Data were derived from publicly available databases and supplemental field investigations. The primary data source was compliance data from the Colorado Oil and Gas Con- 
Data processing
A hierarchical approach ( Figure 1 ) was used to downselect specific parts of the basin and individual CBM wells, groundwater wells, and surface water sites for more detailed evaluation. Data were organized by drainage, sample type, since water quality sampling is almost always one of the follow-up actions. It also selects for drainage areas with a relatively high number of CBM wells. The fact that monitoring data stem from concerns related to significant CBM activity provides a higher probability of identifying potential linkages between CBM activities and water resources as compared to other areas with less data availability. 
Exploratory chemical fingerprinting

RESULTS AND DISCUSSION
The results of the meta-analysis and well-file review provided insight into the approaches used for drilling, cementing, and HF. In general, the relatively low pore pressures in the formations penetrated by CBM wells in the central Raton
Basin require specialized drilling and cementing procedures.
The CBM wells were drilled with air and foam mist. Typically 50-100% excess cement (by volume) was used to achieve the appropriate cement fill-up and ensure casing Table 3 .
Water quality comparisons
Monitoring data were reviewed to identify dominant characteristics of produced water, groundwater and surface water. The nitrogen content of the produced water was fairly low (below 2 ppm) and consisted primarily of ammonianitrogen in the 174 CBM wells that were monitored for nitrogen. Oxidized forms of nitrogen (e.g. nitrite and nitrate)
were detected in less than 10% of the monitored wells.
Orthophosphate concentrations were also fairly low with a median concentration of 0.03 mg/L (as PO 4 ). Comparison of nitrogen and phosphorus concentrations and speciation might be helpful in differentiating shallower groundwater sources from produced water.
The sodium adsorption ratio (SAR) is frequently used to evaluate the potential for using water for irrigation purposes. The SAR is calculated as:
where the concentrations of sodium, calcium, and magnesium are expressed in mmol/L (Hounslow ).
The SAR was calculated for over 2100 CBM wells in the central Raton Basin, and ranged from less than 1 to over 100 with a median value of 76. In general, SAR values below about 10 are considered to be acceptable for irrigation, depending on the soil characteristics, type of crop, and the potential salinity hazard. The SAR reflects the potential sodium hazard associated with using water for irrigation, depending on the soil characteristics. Irrigation water that contains SAR levels over 25 can affect the soil structure, par- Figure 4 . However, the produced water from over 90% of the CBM wells in the central Raton Basin has SAR and TDS levels that are unacceptable for direct irrigation without additional precautions such as the use of soil amendments, alternating sources, blending, or treatment. Other water quality parameters also affect the suitability of using water for irrigation including boron, dissolved metals, and organics. Boron is an essential element for plant growth, but can be toxic for boron-sensitive crops at levels ranging from 1-15 ppm. The boron levels in the produced water from over 2200 CBM wells ranged from less than 0.2 ppb to over 1 ppm with a median value of 240 ppb, well below the levels that are considered to be problematic for plant growth.
The presence/absence of metals and metalloids, concentrations, and co-occurrence in produced water provides additional insight into biogeochemical reactions. Summary data are provided in the Supplemental Materials (available in the online version of this paper). Boron, iron, and manganese were detected in all produced water samples (over 1800 CBM wells), while copper was detected in 36% of the samples (700 CBM wells) and chromium was detected in 22% of the samples (430 CBM wells). Arsenic and selenium were detected in less than 2% of the over 1940 CBM wells that were monitored for these metalloids and they co-occurred in 4 wells. Mercury was not detected in any of the over 800 CBM wells where it was monitored.
Trace metals were monitored in a subset of 110-145 CBM wells; barium and lithium were detected in most of the monitored wells (110-123 CBM wells) while antimony, beryllium, cadmium, cobalt, nickel, and thallium were not detected in any of the monitored wells. Aluminum and zinc were detected in 40-50 CBM wells and molybdenum and lead were detected in about 12-13% of the CBM wells that were monitored (16-17 CBM wells). Silver was detected in 8% of the monitored CBM wells. It is important to note that care must be taken when discussing the frequency of detection analytes across datasets with varying detection limits. While the detection frequency would change if all the data had similar detection limits, the relative frequency would not (e.g. copper and chromium would be more frequently detected than arsenic and selenium). While parallel data are not available for water wells, these trends provide a reference point that might be useful for identifying potential sources of contamination.
Dissolved methane
The concentrations of dissolved methane in water wells PAHs and alkylated PAH homologues were measured in samples from four CBM wells and two monitoring wells.
Their concentrations are compared to a high volatile bituminous coal in Figure 7 . In general, the PAHs concentrations in produced waters varied, but were dominated by 2-and 3-ring compounds, consistent with a high volatile bituminous coal.
The differences between the PAH signatures can be used as a screening tool to determine if there might be any direct connections between the wells. At this site, there was no evidence of hydrocarbon migration from the CBM wells to the nearby monitoring wells. The enrichment of relatively soluble PAHs such as naphthalenes compared to largely insoluble compounds, such as pyrene, reflects the level of PAH dissolution under the specific pressure, temperature, and water quality conditions within each well. However, additional sampling would be needed to more fully understand the range of PAH signatures that might be present in waters that are influenced by contact with coal seams or particulate coal. There is also a need for determining the extent to which different coal ranks and other water quality parameters affect the PAH signatures, such as high rank coals that are enriched in low molecular weight (i.e. 2-and 3-ring) PAHs (Wang et al. ) .
CONCLUSIONS
This paper provides a snapshot of data from a meta-analysis of water quality and chemical fingerprinting data from groundwater and CBM wells in the central Raton Basin, Colorado.
The absence of robust baseline data and inconsistencies in well construction and operation confound the ability to evaluate impacts from unconventional oil and gas development, however several general trends were observed. The water quality indicators that were most useful for investigating this set of wells were the dominant anions (alkalinity, sulfate, chloride), dominant cations (sodium, calcium, and magnesium), metals, dissolved gases, and stable isotopes.
Differences between CBM wells and a monitoring well were identified using chemical fingerprinting to compare the number and types of PAHs that were present in the bulk water. The use of PAH fingerprinting has the potential to differentiate potential sources of contaminants due to the unique signatures of different sources of hydrocarbons. However, for samples collected from water in contact with coalbearing formations, the presence of coal fines may affect the analytical result and complicate data interpretation, particularly for PAHs and other hydrocarbons. The geochemistry of the produced water and the types of inorganic and organic constituents that are detected provide a reference point for detailed analyses of specific CBM wells and also for comparison with water wells and surface water systems.
